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2011-2012  Annual  Report 

Project  BC1 02673:  Mechanism-based  enhanced  delivery  of  drug-loaded  targeted  nanoparticles 

for  breast  cancer  therapy 

(Contract  Number  W81WH-1 1-1-0167) 

PI:  Dr.  Tatiana  Bronich 

INTRODUCTION 

Breast  cancer  is  the  second  leading  type  of  cancer  among  women  in  the  U.S.  In  2011,  there 
were  more  than  2.6  million  breast  cancer  survivors  and  over  230,480  new  cases  of  invasive 
breast  cancer  were  expected  to  be  diagnosed  (http://www.breastcancer.org).  Nearly  a  third  of 
breast  cancer  patients  are  diagnosed  to  be  positive  for  the  Human  Epidermal  Growth  Factor 
Receptor  2  (Her2;  also  known  as  ErbB2  or  Neu)  and  therefore  represent  a  major  therapeutic 
target.  The  humanized  anti-ErbB2  monoclonal  antibody,  Trastuzumab  (Herceptin™,  Genentech, 
San  Francisco,  CA),  is  now  an  essential  part  of  treatment  of  ErbB2-overexpressing  breast 
cancers.  Trastuzumab  is  currently  administered  with  other  chemotherapeutics,  like  microtubule 
stabilizing  agents  (Docetaxel,  Paclitaxel),  DNA  binding  drugs  (Doxorubicin,  Epirubicin,  Cisplatin) 
or  alkylating  agents  (Cyclophosphamide).  However,  clinical  data  indicate  a  less  than  satisfactory 
response  rate  in  patients  and  importantly,  most  patients  that  do  respond  initially  eventually 
develop  resistance.  In  addition  to  the  tumor  cells  acquiring  resistance,  the  patients  also  have  to 
endure  the  effects  of  the  chemotherapeutics  on  the  normal  tissue.  Anti-ErbB2  antibody- 
conjugated  polymeric  nanoparticles  with  a  capacity  to  load  multiple  drugs  at  high  concentrations 
represent  a  promising  alternative  to  circumvent  these  problems.  However,  success  of  ErbB2- 
targeted  drug-delivery  into  the  cytosol  using  nanotechnology  platforms,  similar  to  nanoparticles 
in  general,  critically  depends  on  the  efficiency  of  internalization.  Optimal  targeting  must 
therefore  take  into  account  the  biology  of  endocytic  trafficking  of  ErbB2  receptor.  Specifically, 
the  low  rate  of  endocytosis  is  attributed  to  constitutive  association  of  ErbB2  with  Heat  Shock 
Protein  90  (HSP90).  This  Synergistic  IDEA  project  seeks  to  develop  a  novel  strategy  to 
effectively  target  ErbB2-overexpressing  breast  cancer  with  anti-ErbB2  antibody  coated  nanogels 
carrying  potent  chemotherapeutics  in  combination  with  HSP90  inhibitors  to  enhance  the 
endocytosis  of  ErbB2-receptor  bound  nanogel  cargo.  A  successful  outcome  of  our  studies  will 
provide  a  new  therapeutic  approach  against  a  particularly  difficult  form  of  breast  cancer  and 
may  provide  a  template  for  therapeutic  targeting  of  other  forms  of  breast  cancer  and  other 
cancers.  Success  in  preclinical  models  would  also  provide  strong  rationale  for  clinical  translation 
of  this  technology  with  the  ultimate  goals  of  selective  delivery  of  imaging  and  therapeutic 
modalities  to  tumors. 

BODY  OF  REPORT 

This  section  describes  the  efforts  devoted  by  the  Dr.  Bronich  research  team  to  meet  the  major 
technical  objectives  that  were:  (i)  synthesis  and  characterization  of  nanogels  with  cross-linked 
ionic  cores  from  poly(carboxylic  acid)  chains  and  a  hydrophilic  shell  from  poly(ethylene  oxide) 
(PEO)  chains,  (ii)  optimization  of  the  structure  and  composition  of  drug-loaded  nanogels;  (iii) 
develop  the  procedures  for  conjugation  of  anti-ErbB2  antibody  (Trastuzumab)  to  nanogels;  (iv) 
in  vivo  "proof  of  concept"  drug  release  studies  using  an  animal  tumor  model. 
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Synthesis  of  nanogels.  Cross-linked  nanogels  were  prepared  by  template-assisted  method 
using  a  two-step  process,  which  includes  1)  condensation  of  block  ionomers  with  Ca2+  ions  into 
spherical  self-assembled  block  ionomer  complexes  (BIC)  and  2)  cross-linking  reaction  of  BIC 
templates  by  bifunctional  agents  using  the  procedure  described  in  our  previous  reports  and 
publications  [1-3],  Doubly  hydrophilic  copolymers  containing  anionic  and  nonionic  hydrophilic 
polymeric  segments  (block  ionomers)  were  used  for  the  synthesis  of  nanogels.  Polymethacrylic 
acid  (PMA)  and  polyglutamic  acid  (PGA)  were  used  as  anionic  blocks.  Polyethylene  oxide), 
PEO,  was  used  as  a  hydrophilic  block.  The  characteristics  of  block  copolymers  used  in  these 
studies  are  summarized  in  Table  1.  Diblock  copolymer  samples  are  denoted  as  PEO(x)-b- 
PMA(y)  or  PEO(x)-b- 
PGA(y),  where  x  and  y 
represent  the  degree  of 
polymerization  of  the  PEO 
segment  and  PMA  or  PGA 
segment,  respectively. 

Nanogels  were  synthesized 
using  the  general  procedure  aThe  average  number  of  ethylene  oxide  and  carboxylic  acid  units  (in 
as  was  described  earlier  [3].  parentheses)  in  block  copolymers  were  calculated  using  the  average 
Briefly  PEO-b-PMA/Ca2+  m°lecL,lar  weights  provided  by  manufacturer 

complexes  were  prepared  by  mixing  an  aqueous  solution  of  PEO(170)-b-PMA(180)  with  a 
solution  of  CaCI2  at  a  molar  ratio  of  [Ca2+]  /[COO“]=1 .1 .  The  inner  core  of  the  micelles  formed 
was  cross-linked  through  the  carboxylic  groups  using  bifunctional  agent,  1 ,2-ethylenediamine,  in 
the  presence  of  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride  (EDC)  at 
appropriate  molar  ratios  to  achieve  the  desired  theoretical  extent  of  cross-linking.  The 
theoretical  extent  of  cross-linking  has  been  controlled  by  the  ratio  of  amine  functional  groups  to 
carboxylic  acid  groups  of  block-polymer.  It  should  be  noted,  that  actual  extent  of  cross-linking 
were  expected  to  be  significantly  less  [1],  due  to  side  reaction  between  water  and  the  activated 
carboxylic  groups.  Moreover,  it  is  quite  likely  that  some  portion  of  the  diamine  could  form  a 
“loop”  being  bound  to  the  same  PMA  chain  as  well  as  attach  by  one  amino  group  giving  the  free 
amine.  It  has  been  estimated  that  approximately  two  cross-links  per  block  copolymer  chain  were 
formed  in  the  micelles  with  targeted  20%  degree  of  cross-linking.  The  reaction  mixture  was 
allowed  to  stir  overnight  at  room  temperature.  The  byproducts  of  the  cross-linking  reaction  and 
metal  ions  were  removed  by  exhaustive  dialysis  of  the  reaction  mixtures,  against  (1)  0.5% 
aqueous  ammonia  in  the  presence  of  ethylenediaminetetraacetic  acid  (EDTA),  and  (2)  distilled 
water.  The  resulting  nanogels  were  of  ca.  130  nm  in  diameter  and  had  a  net  negative  charge  (£- 
potential  =  -22  mV).  The  core  of  such  micelles  comprised  a  swollen  network  of  the  cross-linked 
PMA  chains  and  was  surrounded  by  the  shell  of  hydrophilic  PEO  chains.  The  hydrogel-like 
behavior  of  these  micelles  was  observed  upon  a  change  of  pH.  Their  size  increased 
considerably  with  increasing  pH,  which  was  completely  reversible.  The  particles  were  stable  and 
revealed  no  size  change  even  upon  a  100-fold  dilution. 

We  explored  the  effects  of  the  hydrophobicity  and  the  length  of  cross-linker  on  the  structure  and 
swelling  properties  of  the  cross-linked  micelles  using  several  diamino  cross-linkers.  1 ,2- 
ethylenediamine,  1 ,5-diaminopentane,  cystamine  HCI,  and  2,2’-(ethylenedioxy)bis  (ethylamine) 


Table  1.  Characteristics  of  block  copolymers 


Block  copolymer® 

Molecular 

weight 

Polydispersity 

index 

PEO(1 70)-b-PMA(1 80) 

23,000 

1.45 

PEO(1 25)-b-PMA(1 80) 

21,000 

1.16 

PEO(1 14)-b-PGA(100) 

20,600 

1.22 

PEO(1 14)-b-PGA(150) 

27,500 

1.38 
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were  used  to  cross-link  the  cores  of  template  PEO(170)-b-PMA(180)/Ca2+  micelles  with  targeted 
degree  of  cross-linking  from  10%  to  60%.  The  incorporation  of  more  hydrophobic  cross-linkers 
into  the  core  of  the  micelles  resulted  in  the  formation  of  polymer  micelles  with  smaller  sizes  (Fig. 
1).  Conventional  solution-state  ^  NMR  allowed  us  to  estimate  the  changes  in  the  extent  of 
cross-linking  upon  the  synthesis.  As  expected,  the  number  of  cross-links  introduced  into  the 
core  of  the  micelles  increased  with  the  increase  of  targeted  degree  of  cross-linking. 
Furthermore,  the  number  of  cross-links  in  the  micelles  was  elevated  when  more  hydrophobic 
cross-liker  was  used  (Fig.  2).  As  a  result  the  swelling  of  the  core  of  such  micelles  upon  increase 
of  pH  was  suppressed:  only  a  modest  increase  in  the  Deff  was  observed  for  the  micelles  with 
hydrophobic  cross-linkers  (e.g.  1 ,5-diaminopentane)  (Fig.  1). 


pH 

Fig.  1-  Effective  diameter  (Deff)  of  cross-linked  PEO-/> 
PMA  micelles  at  various  pH:  :(♦ )  ethylenediamine; 
(□)1,5-diaminopentane;  (A)  cystamine;  (A)2,2’- 
(ethylenedioxy)-P/s-(ethylamine). 


Targeted  degree  of  cross-linking  (%) 

Fig.  2  Relative  number  of  cross-links  per  chain  in  PEO-P- 
PMA  micelles  as  a  function  of  targeted  degree  of  cross- 
linking:(+)  ethylenediamine;  (□JTS-diaminopentane;  (A) 
cystamine;  (A)2,2’  (ethylenedioxy)-b/s-(ethylamine). 


Stable  biodegradable  cross-linked  polymer  micelles  were  prepared  using  PEO-b-poly(glutamic 
acid)  block  copolymers  (PEO(1 14)-b-PGA(100)  and  PEO(1 14)-b-PGA(150)).  In  contrast  to 
PEO-b-PMA  copolymers,  PEO-b-PGA  copolymers  were  able  to  form  block  ionomer  complexes 
only  in  the  presence  of  metal  ions  of  higher  valency  such  as  Al3+  or  Gd3+.  The  synthesized  PEO- 
b-PGA  nanogels  were  of  100-300  nm  in  diameter  and  were  readily  degradable  in  the  presence 
of  proteases.  For  example,  in  the  presence  of  ca.  7  units  of  protease  from  Bovine  pancreas  the 
PEO-b-PGA  nanogels  were  degraded  within  4  hours  at  37°C. 

To  enable  solubilization  of  the  relatively  hydrophobic  drug  17-AAG  into  the  nanogel  core, 
hydrophobic  moieties  were  introduced  into  the  core-forming  segments  of  PEO(1 14)-b-PGA 
(150)  nanogels.  Specifically,  PGA  block  was  modified  with  hydrophobic  phenylalanine  moieties 
(Phe)  via  carbodiimide  chemistry  using  Phe  methyl  ester  (degree  of  modification  was  30%  as 
determined  by  1H  NMR).  Such  amphiphilic  copolymer,  PEO-b-PPGA,  readily  formed  PEG-b- 
PPGA/Ca2+  complexes-templates  and  allowed  to  prepare  polypeptide-based  nanogels  of  small 
size  (ca.  72  nm  at  pH  7). 

Drug-loaded  nanogels.  A  weakly  basic  drug  doxorubicin,  DOX,  (pKa  =  8.2)  was  immobilized  into 
the  cores  of  PEO(170)-b-PMA(180)  nanogels  that  contain  PMA,  a  weak  polyacid  (apparent  pKa 
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is  5.5),  by  simple  mixing  of  this  drug  with  the  aqueous  dispersion  of  the  nanogels.  Nanogels 
were  prepared  using  relatively  hydrophobic  cross-linker,  1,5-diaminopentane  (DAP).  Briefly,  the 
aqueous  solutions  of  DOX  (2  mg/ml)  and  polymer  nanogels  were  mixed  at  pH  7  and  incubated 
for  24  h  at  room  temperature.  The  composition  of  the  mixtures  expressed  as  the  feeding  molar 
ratio  of  DOX  to  carboxylate  groups  (R=[DOX]/[COO-])  was  kept  at  0.5.  Free  unbound  DOX  was 
removed  thoroughly  by  repeated  filtrations  through  a  30kDa  molecular  cutoff  membrane 
pretreated  with  the  drug  to  retain  only  the  DOX-  loaded  nanogels.  As  expected,  drug  loading 
was  accompanied  by  a  decrease  in  both  the  size  and  net  negative  charge  (^-potential)  of  the 
nanogels  (effective  diameter  Deff=138.9±4.3  nm,  ^-potential  =  -  34.0  ±2.6  mV  vs.  Deff=1 1 5.0+1 . 1 
nm,  ^-potential  =  - 18.1  ±3 . 1  mV  for  initial  and  DOX-loaded  nanogels).  This  is  consistent  with  the 
neutralization  of  the  PMA  chains  upon  DOX  binding  to  carboxylate  groups,  resulting  in  reduction 


of  the  osmotic  swelling  pressure  inside  the  cores  of  nanogels.  A  substantial  drug  loading  level 

(up  to  50  w/w%)  was  achieved  and  it 

was  strongly  dependent  on  the  ioo  - 

structure  of  the  nanogels.  For  example, 

maximal  loading  capacity  (expressed  80  -  _ I 

as  mass  of  incorporated  DOX  per  mass  T  ______ — — 1  "J- 

of  DOX-loaded  nanogels)  of  nanogels  $60  ■  ji — _____ — 

with  DAP  cross-links  and  60%  targeted  2  T/  — " 

degree  of  cross-linking  was  55.2%,  2  40  _> 

while  nanogels  with  cystamine  cross-  ° 

•s°  20 

links  and  20%  targeted  degree  of  cross-  °  rar 

linking  exhibited  loading  capacity  of 

42.5%.  DOX-loaded  nanogels 

°  0  6  12  18  24 

maintained  their  dispersion  stability  and 

exhibited  no  aggregation  or  Time  (hours) 

precipitation  for  a  prolonged  period  of  Fig.  3.  ReieaSe  profiles  of  DOX  from  PEO-b-PMA  nanogels 
time  (up  to  several  months).  It  is  of  (20%  targeted  degree  of  cross-linking)  with  various  cross- 
interest  to  note  that  binding  of  DOX  to  |jnks  in  the  cores:  ehylenediamine  (  ■  );  DAP  (  □  ); 
the  PEO-b-PGA  nanogels,  resulted  in  cystamine  (•).  The  loading  capacity  of  DOX  for  each 
the  formation  of  large  aggregates  with  sample  is  200  pg.  The  data  represent  averaged  values  and 
low  dispersion  stability,  perhaps,  standard  deviations  calculated  based  on  three  independent 


^toot^uw,,  ,w,  a  H,w,w,,yCu  pcou  w,  Fjg.  3.  Release  profiles  of  DOX  from  PEO-b-PMA  nanogels 
time  (up  to  several  months).  It  is  of  (20%  targeted  degree  of  cross-linking)  with  various  cross¬ 
interest  to  note  that  binding  of  DOX  to  links  in  the  cores:  ehylenediamine  (  ■  );  DAP  (  □  ); 
the  PEO-b-PGA  nanogels,  resulted  in  cystamine  (•).  The  loading  capacity  of  DOX  for  each 
the  formation  of  large  aggregates  with  sample  is  200  pg.  The  data  represent  averaged  values  and 
low  dispersion  stability,  perhaps,  standard  deviations  calculated  based  on  three  independent 
because  the  resulting  DOX/PGA  experiments. 

complex  was  too  hydrophobic  and  the  PEO  segments  in  the  corona  of  the  nanogels  were 
unable  to  stabilize  the  particles  in  dispersion.  The  release  profiles  were  examined  for  DOX- 
loaded  nanogels  with  various  cross-links  in  the  core  to  address  the  effect  of  the  nanogel 


structure  on  DOX  release.  All  types  of  micelles  displayed  sustained  release  of  DOX  under 
physiological  conditions  and  no  burst  release  was  observed.  Of  particular  interest  was  the 
finding  that  the  rate  at  which  DOX  was  released  from  the  nanogels  with  more  hydrophobic 
cross-links  (DAP,  cystamine)  in  the  core  was  substantially  slower  (Fig.  3). 


To  solubilize  17-AAG  into  DOX-loaded  nanogels  we  used  the  thin-film  dissolution  method. 
Appropriate  amount  of  17-AAG  was  dissolved  in  methanol  and  after  complete  removal  of  the 
solvent,  the  films  dried  in  vacuo  for  at  least  3  h  to  remove  residual  solvent.  Subsequently  an 
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aqueous  solution  of  empty  or  DOX-loaded  nanogels  were  added  to  the  vial  and  incubated  for  24 
h.  Unbound  17-AAG  was  removed  by  filtration  through  HPLC  syringe  filters  (0.45  mm  pore 
size).  The  concentration  of  DOX  present  in  the  nanogels  was  quantified  spectrophotometrically 
using  the  absorbance  at  410  nm.  The  concentration  of  17-AAG  was  determined  by  HPLC 
analysis  under  isocratic  conditions  using  an  Agilent  1200  system.  As  stationary  phase  an 
Agilent  Eclipse  XDB  C18-5pm  column  was  used  (150  x  4.6  mm),  a  mobile  phase  of 
acetonitrile/1  OmM  ammonium  acetate  containing  0.1  v%  acetic  acid  (pH  4.8)  mixture  (50/50,  v/v) 

was  applied. 
The  co¬ 

encapsulated 
ratios  of  Dox  : 
17-AAG  were 
estimated  to 
be  7.8:1  w/w 
within  PEO-b- 
PMA  nanogels 


Table  2.  Physicochemical  characteristics  of  drug-loaded  nanogels 


Nanogel 

Particle  size  (nm) 

PDI 

^-potential  (mV) 

PEO-b-PMA 

144.5 

0.109 

-32.8 

PEO-b-PMA  /DOX 

98.6 

0.154 

-22.1 

PEO-b-PMA  /DOX+ 1 7-AAG 

105.9 

0.080 

-19.7 

PPGA 

82.5 

0.185 

-45.5 

PPGA  /DOX 

69.3 

0.198 

-22.7 

PPGA/DOX+ 17-AAG 

57.4 

0.161 

-21.5 

Particle  size,  polydispersity  index  (PDI)  and  ^-potential  were  determined  by  dynamic  light 
scattering  at  pH  7.0. 


whereas  it  was  1.4:1  w/w  for  the  PPGA 
nanogels.  The  physicochemical  characteristics 
of  drug-loaded  nanogels  are  presented  in 
Table  1. 

The  release  of  drugs  from  combination 
formulations  in  PPGA  nanogels  was  studied  in 
phosphate  buffered  saline  (PBS,  pH  7.4,  0.14 
M  NaCI).  We  found  no  notable  differences  in 
drug  release  rate  within  24h  from  combination 
formulation  as  compared  to  single  drug 
formulations.  These  data  suggest  that  the 
binary  drugs  could  be  delivered  and  released 
simultaneously  by  nanogels. 


Fig.  4.  Drug  release  profiles  for  DOX(  □  )  and  17- 
AAG  (  ■  )from  combination  formulation  (solid  lines) 
and  single  formulation  PPGA  nanogels  (dashed 
lines)  in  PBS,  pH  7.4. 


Synthesis  and  characterization  of  anti-ErbB2  antibody  (Trastuzumab)  modified  nanogels.  One  of 
the  common  strategies  for  immobilization  of  monoclonal  antibodies  on  the  surface  of  particles  is 
by  PEG-linker.  In  our  study  mAb  (Trast  and  mouse  igG)  were  attached  to  the  nanogels  via  a 
bifunctional  NH2-PEO-MAL  cross-linker,  which  reacts  with  a  carboxylic  groups  of  nanoparticles 
as  well  as  a  thiol  group  introduced  into  the  antibody.  To  achieve  this,  the  amino  groups  from 
lysine  residues  of  antibody  were  converted  to  thiol  groups  using  2-iminotiolane  (Traut’s 
reagent).  The  thiolated  antibodies  were  conjugated  to  PEO  linker  containing  170  repeated  units 
(Mw  7.5  kDa).  During  pegylation  of  antibodies  all  reaction  mixture  included  EDTA  to  prevent 


8 
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s  n=^nh2+ci- 

\  f  +  mAb-NH2 


T raut's  reagent 


pH  8 


5  mM  EDTA 


mAb 


PEGylated  mAb 


Polymer  micelles 
containing  carboxyl 
groups 


Fig.  5.  Scheme  of  synthesis  of  mAb  conjugated  PEG-b-PMA  nanogels, 
oxidation  of  sulfhydryls  (i.e.,  formation  of  disulfide  bonds).  The  pegylated  mAbs  were  conjugated 


with  nanogels  via  amide  linkage  between  the  NHS 
activated  carboxyl  groups  of  micelles  and  amino 
groups  of  mAb-PEG  (Fig. 5).  The  Trast-nanogels 
were  purified  by  SEC  on  Sepharose  CL-6B.  This 
purification  procedure  allowed  removing  all 
unbound  mAb,  while  the  unmodified  and  mAb- 
conjugated  nanogels  were  not  separated.  After 
coupling  the  size  of  the  particles  slightly  increased 
from  160  nm  to  ca.  180-190  nm.  Interestingly,  that 
zeta-potential  of  Trast-conjugated  nanogels 
increased  compare  to  unmodified  particles  (e.g.  - 
25  mV  vs.  -6  mV).  Probably,  the  net  negative 
charge  of  the  modified  nanogels  was  partially 
shield  by  additional  external  PEO  chains  and  mAb. 
Practically  the  same  results  were  obtained  for 
nanogels  modified  with  non-specific  mouse  IgG. 
The  mAb-conjugated  nanogels  with  60-80  pg 
protein  per  mg  of  nanogel  remained  stable  in  PBS, 
pH  7.4,  exhibiting  no  aggregation  for  several 
weeks.  Specific  interactions  between  mAb- 
modified  nanogels  and  its  targeted  antigen,  ErbB2, 
on  the  surface  of  cancer  cells  were  examined  by 


Fig.  6.  FACS  analysis  of  binding  of  Trastuzumab- 
nanogels  to  ErbB2-overexpressing  breast  cancer 
cells.  (A)  Cy5-labeled  secondary  Ab  alone;  (B)  IgG- 
nanogels  (20  pg/ml)  +  Alexa  647-antimouse  Ab.  (C) 
Trast  (10  pg/ml)  +  Cy5-Sec;  (D)  Trast-nanogels  (20 
ua/ml)  +  Cv5-Sec. 
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flow  cytometry  and  confocal  microscopy.  We  found  that  the  mAb-conjugated  nanogels  were 
able  to  recognize  the  ErbB2  receptors,  however,  their  binding  was  significantly  less  effective 
compare  to  free  Trastuzumab  antibody  (Fig. 6).  Nanogels  decorated  with  unspecific  IgG  showed 
no  specific  binding  to  the  ErbB2  receptor. 


Alternatively,  mAb  were  introduced 
to  the  surface  of  nanogels  using 
strepthvidin-biotin  complex  (Fig. 
7).  Briefly,  streptavidin  was 
attached  to  the  nanogels  via  PEO 
cross-linker  (Mw  10  kDa)  followed 
by  conjugation  to  biotinylated 
Trast.  The  final  conjugates  were 
purified  by  SEC  (Sepharose  CL- 
6B).  Flow  cytometry  analysis 
revealed  strong  specific  binding  of 
these  targeted  nanogels  to  ErbB2- 


Nanogels 
With  activated 
core  carboxyl 
groups 


PEGylated- 

Streptavidin 


Biotinylated- 

Trastuzumab 


Fig.  7.  Scheme  of  the  synthesis  of  Trast- 
nanogels  via  streptovidin-biotin  complex. 


Trastuzumab 
conjugated  Nanogels 


overexpressing  breast 

cancer  cells  (Fig.  8) 
comparable  to  free 
Trastuzumab  antibody. 
These  data  suggest  that  as 
a  result  of  decoration  of  the 
nanogels  with  the  specific 
antibodies,  the  Trast- 
nanogels  acquire  ability  for 
strong  interaction  with  its 
targeted  antigen. 


Fig.  7.  FACS  analysis  of  binding  of  Trast-nanogels  prepared  via 
streptavidin-biotin  complex  to  ErbB2-overexpressing  breast  cancer  cells 
(A)  Cy5-labeled  secondary  Ab  alone;  (B)  biotinylated  Trast  +  Cy5-Sec; 
(C)  Trast-  nanogels  +  Cy5-Sec. 


In  vivo  DOX  release  from  nanogels.  Drug  release  and  biodistribution  of  DOX-loaded  nanogels 
were  evaluated  in  female  nude  athymic  4  week  old  mice  bearing  ectopic  A2780  human  ovarian 
cancer  xenograft  tumor  (300-400  mm3)  after  a  single  i.v.  bolus  dose  (n=5)  of  free  DOX  or  DOX- 
loaded  nanogels  at  6  mg  DOX/kg  of  animal.  The  pharmacokinetic  profiles  of  DOX  and  DOX- 
loaded  nanogels  in  plasma  are  presented  in  Fig.4.  Free  DOX  was  rapidly  cleared  from  the  blood 
compartment  after  i.v.  injection.  In  contrast,  the  DOX-loaded  nanogels  showed  an  initial  rapid 
clearance  from  the  blood,  followed  by  slow  clearance  after  2h  post  injection.  The  plasma 
concentration  of  DOX  incorporated  in  nanogels  was  significantly  higher  than  that  of  free  DOX  2h 
after  injection.  The  PK  parameters  were  evaluated  using  noncompartmental  analysis  with 
WinNonlin  software.  An  estimated  terminal  elimination  half-life  was  significantly  extended  from 
5.8h  for  DOX  to  36. 9h  for  DOX-loaded  nanogels,  while  the  total  clearance  of  DOX  delivered  by 
nanogels  was  estimated  to  be  1513.9  ±  335.1  mL/kg/h,  four  fold  less  than  for  free  DOX  (6039.4 
±  1590.1  mL/kg/h).  As  a  result  of  reduced  plasma  clearance,  DOX  formulated  in  nanogels 
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exhibited  prolonged  blood  circulation.  Indeed,  the  area 
under  the  plasma  concentration  -  time  curve  (AUC0^«,) 
value  for  DOX-loaded  nanogels  was  four-fold  greater 
than  that  of  free  DOX  up  to  48  h.  Nanogels  significantly 
altered  tissue  distribution  of  DOX.  In  particular,  tumor 
accumulation  of  DOX-loaded  nanogels  (approximately 
1.6  %  of  injected  dose  per  g  tissue)  was  twice  higher 
than  for  the  free  DOX  and  was  maintained  at  the 
elevated  level  for  at  least  48h.  On  the  other  hand,  tumor 
concentrations  of  DOX  were  maximal  at  5  min  post 
dosing  of  free  DOX  and  then  sharply  decreased. 

AUC0^48hfor  DOX-loaded  nanogels  in  the  tumor  was  2.7- 
times  greater  than  that  of  free  DOX  (Table  2).  These 
data  suggest  that  DOX  was  effectively  delivered  to  the 
tumor  by  means  of  polymeric  nanogels.  Furthermore,  the 
DOX  concentrations  in  the  heart,  kidneys  and  lungs  were 
significantly  reduced  by  DOX-loaded  nanogels,  in 
contrast  to  the  increasing  level  of  DOX  in  the  tumor.  It  is  well  known  that  DOX  levels  in  the  heart 
and  kidneys  are  related  to  the  cardiac  toxicity  and  nephrotoxicity  of  DOX  [4,  5],  The  significant 
reduction  in  distribution  Table  2.  Biodistribution  of  DOX  and  DOX-loaded  cl-micelles  after  i.v. 

of  DOX  to  heart  and  injection  in  A2780  tumor-bearing  mice  at  a  single  dose  of  6mg/kg. 

kidneys  indicates  the 
potential  of  nanogels  in 
reducing  adverse 

effects  associated  with 
DOX  therapy.  On  the 
other  hand,  DOX- 
loaded  nanogels  were 
distributed  mainly  in  the 
organs  of  the 
reticuloendothelial 
system  such  as  the 

liver  and  spleen.  Such  high  uptake  of  nanoparticles  in  liver  and  spleen  has  been  reported  for 
other  drugs,  which  are  incorporated  in  polymeric  carriers  including  pegylated  liposomes  [6,7], 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Representative  panel  of  nanogels  was  synthesized  using  diblock  copolymers  of  different 
structure  and  compositions. 

•  The  chemical  structure  of  the  block  copolymer  is  a  key  parameter  determining  the 
formation  of  templates  for  the  nanofabrication  of  nanogels. 

•  The  physicochemical  characteristics  of  the  nanogels  (dimensions,  swelling  behavior)  can 
be  tuned  by  changing  the  cross-linking  density  of  the  cores  of  the  nanogels  or  by  using  cross¬ 
linkers  with  different  chemical  structures.  The  incorporation  of  more  hydrophobic  cross-linkers 


Organ 

AUCo— >48h 

AUC  ratio3 

Free  DOX 

DOX-loaded 

nanogels 

Tumor 

32 

86 

2.7 

Heart 

175 

63 

0.4 

Liver 

147 

425 

2.9 

Spleen 

218 

1601 

7.3 

Kidney 

75 

69 

0.9 

Lung 

222 

90 

0.4 

aAUC  ratio  =  AUC  of  DOX-loaded  nanoaels/AUC  of  free  DOX 


Fig.  4  .Pharmacokinetic  profiles  of  free 
DOX  (■)  and  DOX  incorporated  into 
nanogels  (O)  in  the  plasma  after  i.v. 
injection  at  a  single  dose  of  6mg/kg.  The 
data  represent  the  mean  ±  SD  (n=5). 
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into  the  core  of  the  nanogels  resulted  in  the  formation  of  nanogels  with  smaller  sizes  and  with 
higher  density  of  cross-links. 

•  Doxorubicin  can  be  loaded  into  cross-linked  cores  of  the  nanogels  with  high  loading 
capacity  (up  to  55  w/w%). 

•  The  nanogels  containing  drug  combinations  (doxorubicin  and  17-AAG)  were  prepared 
and  characterized. 

•  Procedures  for  conjugation  of  nanogels  with  Trastuzumab  antibodies  in  aqueous  media 
were  developed. 

•  “Proof-of-principle”  biodistribution  studies  demonstrated  that  doxorubicin-nanogels 
showed  an  efficient  systemic  delivery  of  the  drug  to  human  tumor  xenografts. 


REPORTABLE  OUTCOMES 
Invited  Presentations 

1 .  “Engineering  of  Soft  Nanomaterials  for  Drug  Delivry:  Opportunities  and  Challenges”” 
University  of  North  Carolina  at  Chapel  Hill,  Chapel  Hill,  NC,  July,  201 1 

2.  “Ionic  Nanogels  as  a  Versatile  Platform  for  Drug  Delivery  in  Tumor”,  2nd  International 
Summer  School  “Nanomaterials  and  Nanotechnologies  in  Living  Systems”,  Moscow  Region, 
Russia,  September,  2011. 


CONCLUSIONS 

•  The  robust  procedures  for  the  synthesis  of  nanogels  were  developed. 

•  Key  structural  parameters  of  block  copolymers  governing  the  physicochemical  properties 
of  the  nanogels  were  identified. 

•  The  nanogels  loaded  with  combination  of  anticancer  therapeutics  were  developed. 

•  The  methods  for  the  preparation  of  ErbB2-targeted  nanogels  were  developed. 

•  Mannose  functionalized  BICs  provide  a  safe  and  stable  platform  for  gene  delivery  to 
macrophages. 

•  We  demonstrated  that  doxorubicin-nanogels  showed  an  efficient  systemic  delivery  of  the 
drug  to  human  tumor  xenografts. 
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